INTRODUCTION
============

The balance between down-regulation and recycling pathways controls the cell-surface expression and function of plasma membrane (PM) proteins ([@B40]; [@B17]; [@B33]; [@B15]). The plasma membrane continually undergoes remodeling in response to environmental cues, by the delivery and removal of lipids and proteins via the secretory and endocytic pathways. The fate of an internalized cell-surface protein is determined at endosomes by either the ESCRT--mediated (endosomal complexes required for transport) multivesicular body (MVB) sorting pathway for subsequent degradation in lysosomes (equivalent to the yeast vacuole) or by recycling pathways that target PM proteins back to the cell surface. Thus the degradation and the recycling of internalized PM proteins are essential for the proper control of cell signaling and quality control pathways. Defects in the function of the ESCRT machinery have been associated with several diseases ([@B40]). Likewise, recycling pathways for targeting internalized transmembrane proteins to the cell surface are critical for nutrient uptake and responses to extracellular signals. The transferrin receptor and low-density-lipoprotein receptor are two classic examples of PM proteins in mammalian cells that are efficiently recycled to the cell surface following their internalization and sorting at endosomes ([@B7]; [@B15]). In addition, prolonged or continued responses to G protein--coupled receptor (GPCR) agonists (e.g., resensitization of β-adrenergic receptors; [@B17]), the recycling of synaptic vesicle proteins necessary for neurotransmitter release at the synapse ([@B12]), and the delivery of glucose transporters (e.g., GLUT4) from intracellular stores in response to insulin signaling ([@B19]) provide examples for the importance of recycling pathways in cell signaling. In yeast, several plasma membrane proteins have been shown to undergo recycling following endocytic internalization, including the soluble *N*-ethylmaleimide--sensitive factor attachment protein receptor (SNARE) protein Snc1, the chitin synthase Chs3, and the iron transporter Ftr1 ([@B5]; [@B15]). Of interest, distinct pathways for the recycling of these proteins have been implicated in yeast.

However, the pathways that orchestrate the recycling of internalized cell-surface proteins are not completely understood. For recycling, sorting at endosomes seems to be the first and the most crucial step. Protein sorting occurs on different types of endosomes (early and late) and can be carried out by different protein complexes, such as clathrin and its adaptors, the sorting nexins, and the retromer complex ([@B5]; [@B23]; [@B15]). Each of these protein complexes is evolutionarily conserved. In yeast and mammalian cells, clathrin and its AP-1 adaptor complex are localized at the *trans*-Golgi network (TGN) and endosomes. The function of clathrin and the AP-1 adaptor complex in sorting proteins between the TGN and endosomes has been shown for cargoes such as Chs3 and Kex2 in yeast ([@B44]; [@B56]) and Shiga toxin and mannose 6-phosphate receptors in mammalian cells ([@B23]).

The yeast sorting nexins, Snx4, Snx41, and Snx42, function in a distinct pathway that mediates the sorting of proteins out of endosomes ([@B5]). The best-known cargo for Snx4, Snx41, and Snx42 is the vesicle-SNARE protein Snc1, which is transported from early endosomes to the TGN. Snx4 can be cross-linked to Snc1 and binds to Snx41 and Snx42, indicating that these sorting nexins constitute a complex that directly mediates the sorting of Snc1 from endosomes to the TGN ([@B18]). The mammalian homologues of Snx4, Snx41, and Snx42 are SNX4, SNX7, and SNX30, respectively ([@B51]). Mammalian SNX4 also functions in the recycling of cell-surface proteins ([@B55]). In addition to mediating endosome-to-TGN transport, mammalian SNX4 also directs transport from the endosome to the perinuclear endosomal recycling compartment (ERC; [@B48]). Little is known about the function of SNX7 and SNX30 in mammalian cells.

Another conserved protein complex involved in endosomal sorting is the retromer complex ([@B42]; [@B5]). A role for the retromer complex was first described in yeast for mediating the retrograde transport of the vacuolar protein sorting receptor Vps10 from endosomes to the TGN. The retromer complex has five components and can be divided into two subcomplexes: a cargo recognition subcomplex containing Vps26, Vps29, and Vps35, and a membrane deformation subcomplex consisting of two PX and BAR domain--containing sorting nexin proteins, Vps5 and Vps17. Recently another sorting nexin, Snx3, was found to function with the retromer for the recycling of the iron permease proteins, Fet3 and Ftr1, in yeast. This study indicated that Snx3 physically interacted with Ftr1 and the cargo recognition complex ([@B50]). In higher eukaryotes, the retromer has been shown to recycle the sorting receptor Wntless that is required for the Wnt signaling and developmental pathway ([@B3]; [@B13]; [@B35]; [@B36]; [@B62]).

Although clathrin, Snx4/Snx41/Snx42, and retromer all mediate the sorting of proteins out of endosomes, the relative roles of these proteins in recycling remain largely unknown. Moreover, even less is understood about how specific cargoes are recognized for recycling by each of these pathways. We performed a chemical-genetic screen designed to identify mutants that are defective in cell-surface targeting and stability of the arginine permease Can1. In this screen, single-deletion mutants of genes encoding the Snx4/41/42 complex components, the Snx3 sorting nexin, and the retromer components were impaired in Can1 cell-surface stability. In addition, we identified two uncharacterized WD40 domain--containing proteins, Ybr246w and Ypl183c (which we named Ere1 and Ere2, for endosomal recycling), as necessary for efficient Can1 cell-surface targeting. Our data further support that Snx4/41/42 and the retromer act in two independent pathways that mediate the recycling of cell-surface proteins. Moreover, our data indicate that a complex containing the two novel proteins, Ere1 and Ere2, mediates cargo-specific recognition by the retromer pathway.

RESULTS
=======

Snx4/41/42, retromer, and the novel proteins Ere1 and Ere2 are involved in the recycling of Can1
------------------------------------------------------------------------------------------------

To identify factors involved in cell-surface protein targeting and recycling, we performed a screen of the yeast nonessential gene library containing ∼4700 single-deletion mutants. We used the arginine permease Can1 as a model PM protein, reasoning that mutant cells with reduced Can1 cell-surface expression levels would display resistance to the toxic arginine analogue canavanine. In particular, we predicted that canavanine resistance (*cvr*) would result from reduced canavanine uptake due to defects in cell-surface targeting or recycling of the Can1 permease ([Figure 1A](#F1){ref-type="fig"}). We identified 173 *cvr* mutant strains that displayed a canavanine-resistant phenotype ([Figure 1B](#F1){ref-type="fig"}; see Supplemental Table for the full list). Genes identified in the canavanine resistance screen have been implicated in numerous cellular processes, including membrane trafficking (28 genes), lipid metabolism (10 genes), transcription and RNA metabolism (25 genes), protein folding and quality control (8 genes), and metabolic regulation (23 genes; [Figure 1B](#F1){ref-type="fig"} and Supplemental Table).

![Cells lacking Snx4/41/42, retromer components, Ere1, or Ere2 are resistant to canavanine. (A) Model for Can1 trafficking and the screen for recycling mutants. In wild-type cells, the lifetime of Can1 at the PM is regulated by endocytosis, recycling, and degradation (left). In mutant cells deficient for Can1 recycling, Can1 cell-surface levels are reduced, resulting in reduced uptake of the toxic arginine analogue canavanine (squares). (B) Classification of *cvr* mutants identified in the canavanine resistance screen. (C) Cells impaired in endosomal recycling are resistant to canavanine. Serial dilutions (fourfold) of wild-type (WT) and deletion mutant cells (as indicated) were grown on synthetic media plates with or without 2 μg/ml canavanine for 2 d at 26°C. (D) Schematic diagrams for Ere1, Ere2, and their human orthologues WDR85 and WDR6, respectively.](4093fig1){#F1}

As expected, we identified several canavanine-resistant mutants lacking factors with known roles in endosomal recycling. These included deletions in *SNX3* and *SNX41* that encode PX domain--containing sorting nexin family member proteins ([Figure 1, B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}), as well as*YPT6*, which encodes a Rab GTPase, and genes (*MAK3*, *MAK10*, and *MAK31*) that encode subunits of the NatC acetylase complex previously suggested to regulate the Arf-like GTPase Arl3 in recycling from endosomes ([Figure 1B](#F1){ref-type="fig"} and Supplemental Table; [@B45]). In addition, we found that loss of the sorting nexins Snx4/41/42 or the retromer subunits (Vps5, Vps17, Vps26, Vps29, Vps35, and Snx3) resulted in canavanine-resistant phenotypes ([Figure 1C](#F1){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), implying that both the Snx4/41/42 and retromer complexes are involved in Can1 recycling.

###### 

Canavanine-resistant phenotypes of recycling mutants.

  Strain      Score   Strain                     Score   Strain             Score
  ----------- ------- -------------------------- ------- ------------------ -------
  Wild type   −       *snx3*Δ *vps5*Δ            ++      *snx41*Δ *snx3*Δ   ++++
  *snx4*Δ     ++      *snx4*Δ *snx41*Δ *snx4*Δ   ++      *snx4*Δ *snx3*Δ    ++++
  *snx41*Δ    ++      *vps5*Δ *ere1*Δ            ++      *snx4*Δ *vps35*Δ   ++++
  *snx42*Δ    \+      *snx3*Δ *ere1*Δ            ++      *snx4*Δ *ere1*Δ    ++++
  *snx3*Δ     ++      *snx3*Δ *ere2*Δ            ++      *snx41*Δ *ere1*Δ   ++++
  *vps5*Δ     ++      *ere1*Δ *ere2*Δ            ++      *snx41*Δ *ere2*Δ   ++++
  *vps17*Δ    ++                                         *apl2*Δ            −
  *vps26*Δ    \+                                         *gga2*Δ            −
  *vps29*Δ    ++                                         *ent3*Δ            −
  *vps35*Δ    ++                                         *ent5*Δ            −
  *ere1*Δ     ++                                                            
  *ere2*Δ     ++                                                            

The Ere1 and Ere2 proteins function in the retromer recycling pathway. Serial dilutions (fourfold) of wild-type and different mutant cells (as indicated) were grown on synthetic media plates with or without 2.0 μg/ml canavanine for 2 d at 26°C. The canavanine-resistant phenotype of each strain was scored based on the relative growth of serial dilutions on canavanine plates. Relative growth: no growth at 0.1 OD~600~/ml was scored as −; growth at 0.1 OD~600~/ml was scored as +; growth at 2.5 × 10^−2^ OD~600~/ml was scored as ++; growth at 1.56 × 10^−3^ OD~600~/ml was scored as ++++.

Examination of other known membrane trafficking and lipid metabolism mutants identified in the *cvr* screen revealed multiple steps involved in Can1 cell-surface targeting and stability ([Figure 1B](#F1){ref-type="fig"} and Supplemental Table). A subset of the membrane trafficking mutants has previously been implicated in transport of cargo proteins from the ER ([Figure 1B](#F1){ref-type="fig"} and Supplemental Table). These include Erp2 and Emp47, involved in COP-II vesicle sorting and formation, and Gsf2, which has been implicated in sorting integral membrane proteins, such as hexose transporters, into COP-II--coated vesicles that bud from the endoplasmic reticulum ([Figure 1B](#F1){ref-type="fig"}; [@B31]; [@B46]; [@B41]). The *cvr* screen also identified components implicated in Golgi transport, such as Gsg1, a component of the TRAPP tether complex, and an Arf GTPase guanine nucleotide exchange factor, Syt1 ([Figure 1B](#F1){ref-type="fig"}; [@B39]; [@B11]). In addition, factors that act at a late step in the secretory pathway involved in fusion of secretory vesicles with the plasma membrane were identified in the *cvr* screen. These included the SNARE protein Sso2 and the Sec4 GTPase-activating protein Msb3 ([Figure 1B](#F1){ref-type="fig"}; [@B1]; [@B14]). In addition, several factors involved in ergosterol and sphingolipid lipid metabolism pathways, including Osh1, Osh2, Ipt1, Sur2, and Sur4, were identified in the *cvr* screen (Supplemental Table). Previous work suggested that sorting of Can1 into specific PM domains enriched in ergosterol and sphingolipids (termed PMC domains) regulates Can1 cell-surface stability ([@B16]).

In addition, we identified 53 genes with uncharacterized or not well-characterized functions in the *cvr* screen ([Figure 1B](#F1){ref-type="fig"}), which we designated *CVR1--53* (Supplemental Table). Of interest, 60% (32 of the 53) of the predicted gene products encoded by *CVR1--53* have orthologues in other species (Supplemental Table). For example, two factors that we chose for further study and named Ere1 and Ere2 (for endosomal recycling; see later discussion) have human orthologues, hWDR85 and hWDR6, respectively ([Figure 1D](#F1){ref-type="fig"}). Because these unchar­acterized factors could be involved in various aspects of Can1 expression, activity, and targeting, we next performed tests to specifically identify factors involved in Can1 cell-surface recycling.

In exponentially growing wild-type cells, green fluorescent protein (GFP)--tagged Can1 localizes primarily to the plasma membrane ([Figure 2A](#F2){ref-type="fig"}; [@B27a]). Under stress or starvation conditions, such as in the presence of cycloheximide ([Figure 2](#F2){ref-type="fig"}A; [@B27a]), Can1-GFP is rapidly endocytosed and subsequently sorted by the ESCRT-mediated MVB pathway to the vacuole for degradation ([Figure 2A](#F2){ref-type="fig"}; [@B27a]; [@B52]). However, in ESCRT mutant cells, such as *vps23*Δ cells, Can1-GFP is not delivered to vacuoles and instead accumulates in abnormal endosomal compartments (class E compartments) and at the PM due to recycling from these aberrant endosomes ([@B52]). We reasoned that loss of factors involved in Can1 recycling should impair its return to the PM in ESCRT-mutant cells. Consistent with this idea, loss of Snx41 or Snx3 in ESCRT-mutant cells impaired Can1 recycling to the PM, as Can1-GFP localized only to intracellular puncta in the double-mutant cells (*snx41*Δ *vps23*Δ and *snx3*Δ *vps23*Δ cells; [Figure 2B](#F2){ref-type="fig"}). Quantification of the fluorescence ratio of Can1-GFP at endosomes and the PM, F~R~, showed an increase of Can1-GFP accumulation at the class E compartments in *snx41*Δ *vps23*Δ and *snx3*Δ *vps23*Δ cells relative to *vps23*Δ cells ([Figure 2C](#F2){ref-type="fig"}; see *Materials and Methods*). Of interest, deletion of the previously uncharacterized genes *YBR246w* or *YPL183c* in ESCRT-mutant (*vps23*Δ) cells greatly reduced Can1 recycling to the PM. *YBR246w* and *YPL183c* encode WD40 repeat domain--containing proteins that we named Ere1 and Ere2 (for endosomal recycling proteins; [Figure 1D](#F1){ref-type="fig"}). Consistent with a role for Ere1 and Ere2 in recycling, Can1-GFP localized only to intracellular puncta in *ere1*Δ *vps23*Δ and *ere2*Δ *vps23*Δ double-mutant cells ([Figure 2B](#F2){ref-type="fig"}). Accordingly, the fluorescence ratio of Can1-GFP at endosomes and the PM, F~R~, was increased in *ere1*Δ *vps23*Δ cells and *ere2*Δ *vps23*Δ cells relative to *vps23*Δ cells ([Figure 2C](#F2){ref-type="fig"}).

![Snx4/41/42, the retromer, Ere1, and Ere2 are involved in the recycling of Can1. (A) Can1 localization in wild-type cells under steady conditions (left) and following treatment with cycloheximide (+ CHX, right). Wild-type cells expressing Can1-GFP were grown to mid-log phase, subjected to cycloheximide for 4 h to induce Can1 internalization, and analyzed by fluorescence microscopy. The plasma membrane (PM) and vacuoles are indicated. (B) The recycling of Can1 in ESCRT-mutant cells is mediated by Ere1, Ere2, Snx41, and the retromer complex. Mutant *vps23*Δ, *snx41*Δ *vps23*Δ, *snx3*Δ *vps23*Δ, *ere1*Δ *vps23*Δ, and *ere2*Δ *vps23*Δ cells expressing Can1-GFP were grown to mid-log phase, subjected to cycloheximide for 4 h to induce Can1 internalization, and analyzed by fluorescence microscopy. The PM and endosomes (E) are indicated. (C) The ratio of Can1-GFP fluorescence at endosomes and the PM in *vps23*Δ and *ere1*Δ *vps23*Δ, *ere1*Δ *vps23*Δ, *snx41*Δ *vps23*Δ, and *snx3*Δ *vps23*Δ double-mutant cells as described in [Figure 1B](#F1){ref-type="fig"}; N = 25 for each cell type. See *Materials and Methods* for additional details. (D) Loss of Ere1 or Ere2 rescues the canavanine-hypersensitive phenotype in ESCRT-mutant cells. Serial dilutions of wild-type, *snf7*Δ, *ere1*Δ *snf7*Δ, *ere2*Δ *snf7*Δ, and *snx41*Δ *snf7*Δ cells were grown on synthetic media plates with or without 0.6 μg/ml canavanine for 2 d at 26°C.](4093fig2){#F2}

Because we initially identified Ere1 and Ere2 in a screen for canavanine-resistant mutants ([Figure 1, B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}, and [Table 1](#T1){ref-type="table"}), we reasoned that mutations that impair Can1 recycling would confer canavanine resistance in ESCRT-mutant cells, such as *snf7*Δ cells lacking ESCRT-III function. Consistent with this idea, deletion of *SNX41* rescued the canavanine-sensitive phenotype of *snf7*Δ cells (*snx41*Δ *snf7*Δ double-mutant cells; [Figure 2D](#F2){ref-type="fig"}; [@B53]). Of interest, we found that loss of Ere1 conferred a canavanine-resistant phenotype in *snf7*Δ-mutant cells (*ere1*Δ *snf7*Δ double-mutant cells; [Figure 2D](#F2){ref-type="fig"}), consistent with a role for Ere1 in Can1 recycling. Similarly, loss of Ere2 conferred a canavanine-resistant phenotype in *snf7*Δ-mutant cells (*ere2*Δ *snf7*Δ double-mutant cells; [Figure 2D](#F2){ref-type="fig"}).

As mentioned, Ere1 and Ere2 each contain WD40 repeat domains (four and nine WD40 repeats, respectively; [Figure 1D](#F1){ref-type="fig"}). Both have predicted human orthologues (WD40 repeat--containing protein WRDR85, with 26% identity to Ere1; and WD40 repeat--containing protein WDR6, with 25% identity to Ere2; [Figure 1D](#F1){ref-type="fig"} and unpublished data), suggesting that these proteins might have conserved functions. Because our initial results identified Ere1 and Ere2 as conserved factors involved in recycling, we chose these factors for further study.

The Ere1 and Ere2 proteins function in the retromer pathway
-----------------------------------------------------------

Previous reports demonstrated that the Snx4/41/42 and retromer complexes function in two separate pathways that mediate the recycling of different cargoes (such as Snc1 and Vps10, respectively) from endosomes. However, our initial data indicated that both the Snx4/41/42 and retromer complexes are involved in the recycling of the cell-surface protein Can1. So we next examined whether these two complexes function independently or together to recycle Can1. To establish whether the Snx4/41/42 and the retromer complexes function independently to recycle Can1, we created several double- and triple-deletion mutants of genes encoding the Snx4/41/42 and retromer complexes. The retromer complex consists of Vps5, Vps17, Vps35, Vps26, and Vps29. In addition, the Snx3 adaptor protein functions in the retromer pathway to mediate endosome-to-Golgi trafficking of the cell-surface iron transporter Ftr1 ([@B50]). We tested multiple combinations---*vps5*Δ *snx3*Δ, *snx4*Δ *snx41*Δ *snx42*Δ, *snx4*Δ *vps35*Δ, *snx41*Δ *snx3*Δ, *snx4*Δ *snx3*Δ, *snx41*Δ *vps5*Δ, and *snx4*Δ *vps5*Δ---to examine the consequence of loss of the retromer and Snx4/41/42 complexes. Consistent with previous findings that Snx3 and Vps5 function in the same pathway whereas Snx4, Snx41, and Snx42 function in another, *vps5*Δ *snx3*Δ double-mutant cells and *snx4*Δ *snx41*Δ *snx42*Δ triple-mutant cells did not display increased canavanine-resistant phenotypes as compared with their corresponding single-deletion mutants ([Figure 3A](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). However, *snx41*Δ *snx3*Δ, *snx4*Δ *snx3*Δ, and *snx4*Δ *vps35*Δ double-mutant cells show enhanced canavanine-resistant phenotypes due to loss of both the Snx4/41/42 and retromer pathways ([Figure 3A](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}).

![The retromer and Snx4/41/42 pathways independently recycle Can1, and Ere1 functions in the retromer pathway. (A) Loss of both retromer and Snx41 function results in additive resistance to canavanine (top), whereas loss of multiple retromer subunits is not additive (bottom). (B) Loss of both Ere1 and Snx41 confers an additive canavanine resistance phenotype, but loss of both Ere1 and the retromer subunit Snx3 is not additive. (A, B) Serial dilutions of wild-type and various mutant cells (as indicated) were grown on synthetic media plates with or without 2 μg/ml canavanine for 2 d at 26°C. (C) Rates of Can1 degradation are increased in cells lacking Snx41, Snx3, or Ere1. Double deletion of *ERE1* and *SNX41* further increases the rate of Can1 turnover. Wild-type and mutant cells (as indicated) expressing FLAG-tagged Can1 were grown to mid-log phase and treated with cycloheximide to induce Can1 endocytosis. Cell lysates were prepared at the indicated time points and analyzed by immunoblotting to monitor Can1 degradation rates (top; t~1/2~ times are shown on the right). G6PDH was used as a protein loading control (bottom).](4093fig3){#F3}

To check the pathway in which Ere1 and Ere2 function, we created *ere1*Δ *snx3*Δ, *ere2*Δ *snx3*Δ, *ere1*Δ *vps5*Δ, *ere1*Δ *snx41*Δ, *ere2*Δ *snx41*Δ, and *ere1*Δ *snx4*Δ double-mutant cells to test the functional relationships among Ere1, Ere2, the retromer, and the Snx4/41/42 proteins. The *ere1*Δ *snx3*Δ and *ere1*Δ *vps5*Δ double-mutant cells did not show increased canavanine resistance as compared with the corresponding *ere1*Δ, *snx3*Δ, and *vps5*Δ single-deletion mutants ([Figure 3B](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Likewise, *ere2*Δ *snx3*Δ double-mutant cells showed a canavanine resistance phenotype similar to that of *ere2*Δ and *snx3*Δ single mutants ([Table 1](#T1){ref-type="table"}). In contrast, *ere1*Δ *snx41*Δ and *ere1*Δ *snx4*Δ double-mutant cells displayed increased canavanine resistance as compared with the single mutants ([Figure 3B](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). Likewise, *ere2*Δ *snx41*Δ double-mutant cells displayed increased canavanine resistance as compared with the single mutants ([Table 1](#T1){ref-type="table"}). These data indicated that Ere1 and Ere2 function in the retromer pathway for the recycling of Can1. We also determined whether the Ere1 and Ere2 proteins function together. Of interest, *ere1*Δ *ere2*Δ double-mutant cells did not display increased canavanine-resistant phenotypes as compared with *ere1*Δ and *ere2*Δ single-mutant cells ([Table 1](#T1){ref-type="table"}), further suggesting that these proteins act in common in the retromer-mediated pathway.

In wild-type cells, internalized Can1 can be either delivered to the vacuole for degradation or recycled back to the PM. Thus impaired recycling of Can1 would lead to increased rates of degradation. So we measured the lifetimes of Can1 in wild-type and various recycling-deficient cells under conditions that stimulate Can1 internalization. Consistent with our previous results, the degradation of Can1-FLAG in *snx41*Δ, *snx3*Δ, and *ere1*Δ mutant cells is slightly increased as compared with wild-type rates ([Figure 3C](#F3){ref-type="fig"}). In addition, the lifetime of Can1 in *snx3*Δ *ere1*Δ double-deletion-mutant cells is similar to that of *ere1*Δ and *snx3*Δ single-mutant cells, consistent with the model that Ere1 and Snx3 function in a common pathway. In contrast, the degradation of Can1-FLAG in *snx41*Δ *ere1*Δ double-mutant cells is significantly increased as compared with *ere1*Δ and *snx41*Δ single-mutant cells ([Figure 3C](#F3){ref-type="fig"}). Taken together, these data further suggest that the Ere-mediated retromer and Snx4/41/42 pathways function independently to recycle Can1.

Ere1 is necessary for recycling of specific cargoes via the retromer pathway
----------------------------------------------------------------------------

The retromer complex mediates the retrograde transport of many cargoes, such as the vacuolar hydrolase sorting receptor Vps10 ([@B43]) and the iron transporter proteins Fet3 and Ftr1 ([@B50]). Because Ere1 functions with the retromer in the recycling of Can1, we further examined roles for Ere1 in recycling other cargoes. First, we examined additional plasma membrane proteins that undergo recycling to the cell surface following their internalization. Similar to the canavanine resistance phenotype, *ere1*Δ mutant cells show increased growth on media containing calcofluor white ([Figure 4A](#F4){ref-type="fig"}). Calcofluor white binds chitin in the cell wall, and previous work showed that cells with reduced cell-surface expression levels of a chitin synthase (Chs3) display resistance to calcofluor white ([@B56]). Consistent with a role for recycling in chitin synthase cell-surface targeting, we also found that loss of the retromer subunits Snx3 and Vps5 resulted in calcofluor white--resistant phenotypes ([Figure 4A](#F4){ref-type="fig"}). In addition, similar to the Can1-recycling defects in *ere1*Δ-mutant cells, the methionine transporter Mup1 was not efficiently recycled to the PM in *ere1*Δ *snf7*Δ double-mutant cells (Supplemental Figure S1A). Accordingly, the fluorescence ratio of Mup1-GFP at endosomes and the PM, F~R~, was increased in *ere1*Δ *snf7*Δ cells relative to *snf7*Δ cells (Supplemental Figure S1A). As a control, we also found that Mup1 recycling was reduced in *snx41*Δ *snf7*Δ double-mutant cells (Supplemental Figure S1A; [@B53]), consistent with our previous results indicating two distinct pathways for recycling Can1. In contrast, trafficking of the recycling SNARE protein Snc1 was unaffected in *ere1*Δ-mutant cells, as Snc1 localized normally to the PM and Golgi compartments in both wild-type and *ere1*Δ-mutant cells (Supplemental Figure S1B).

![Ere1 is not required for the transport of the retromer cargoes Vps10 and Ftr1. (A) Serial dilutions (fourfold) of wild-type, *snx3*Δ, *ere1*Δ, and *vps5*Δ cells were grown on synthetic media plates with or without 10 μg/ml calcofluor white for 2 d at 26°C. (B) Localization of Vps10-GFP in wild-type, *vps5*Δ, and *ere1*Δ cells. Cells were grown in yeast extract/peptone/dextrose (YPD), and vacuoles were labeled with FM4-64. Note: *vps5*Δ deletion-mutant cells show a fragmented-vacuole phenotype. (C) Localization of Ftr1-GFP in wild-type, *vps5*Δ, and *ere1*Δ mutant cells in the absence of exogenous iron.](4093fig4){#F4}

Next we examined possible roles for Ere1 in trafficking between the Golgi and endosomes. In wild-type cells, the sorting receptor Vps10 traffics between the Golgi and endosomes. In cells with impaired retromer function, such as cells lacking Vps5, Vps10 is not recycled from endosomes and instead is delivered to the vacuole. As a result, cargoes normally destined for the vacuole, such as carboxypeptidase Y (CPY), are instead secreted ([@B30]). Although *ere1*Δ-mutant cells were identified in a genome-wide screen for mutants that secrete CPY ([@B4]), we did not observe a strong defect in the transport of CPY to vacuoles by following CPY processing in the vacuole in pulse-chase labeling experiments (unpublished data). Consistent with this, the localization of Vps10-GFP was similar in wild-type and *ere1*Δ-mutant cells ([Figure 4B](#F4){ref-type="fig"}). As a control, Vps10-GFP accumulated in fragmented vacuoles labeled with the marker FM4-64 in cells lacking Vps5 ([Figure 4B](#F4){ref-type="fig"}). Thus Ere1 is not required for the efficient recycling of Vps10 from endosomes to the Golgi.

In iron-starved cells, Ftr1 is sorted at endosomes by the retromer complex to direct its recycling back to the PM ([@B50]). In cells lacking retromer function, such as *vps5*Δ-mutant cells, the recycling of internalized Ftr1 is impaired and Ftr1--GFP fusion proteins accumulate in the vacuole, where they are degraded ([Figure 4C](#F4){ref-type="fig"}). In contrast, Ftr1--GFP is stably localized to the PM in both wild-type and *ere1*Δ-mutant cells ([Figure 4C](#F4){ref-type="fig"}), suggesting that Ere1 provides cargo-specific functions in the retromer pathway.

Ere1 and Ere2 are cytoplasmic proteins that are recruited to endosomes
----------------------------------------------------------------------

To examine Ere1 localization in vivo, we generated a functional Ere1-GFP fusion, as cells expressing Ere1-GFP alone do not exhibit a canavanine-resistant phenotype (unpublished data). In wild-type cells, Ere1-GFP was mostly cytoplasmic ([Figure 5, A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). However, in a small fraction of wild-type cells (∼10%), Ere1-GFP localized to intracellular punctate structures that colocalized with the PI3P-binding endosomal marker DsRed-FYVE ([Figure 5A](#F5){ref-type="fig"}), suggesting that Ere1-GFP may be transiently recruited to endosomes. The endosomal localization of Ere1-GFP was more apparent in ESCRT-mutant cells (*vps27*Δ) that accumulate abnormal endosomal compartments (class E compartments) adjacent to vacuoles ([Figure 5B](#F5){ref-type="fig"}). Consistent with the microscopy results, subcellular fractionation assays indicated that ∼15% of FLAG-tagged Ere1 was present in the membrane pellet fraction (P13) in wild-type cells ([Figure 5C](#F5){ref-type="fig"}). Moreover, membrane association of Ere1 was increased more than twofold in ESCRT-mutant cells (40% of the total was present in the P13 fraction from *vps23*Δ cells; [Figure 5, C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). In addition, the endosomal localization of Ere1 was dependent on phosphatidylinositol 3-phosphate or its downstream effectors, as membrane association of Ere1 was not detected in lysates prepared from cells with impaired Vps34 phosphatidylinositol 3-kinase activity (Supplemental Figure S1C). Next we examined the localization and fractionation of a functional Ere2-GFP fusion in wild-type and ESCRT-mutant cells. Similar to Ere1-GFP, we found that endosomal localization and membrane association of Ere2-GFP were stabilized in ESCRT-mutant cells (Supplemental Figure S2). Taken together, these results suggested that both Ere1 and Ere2 are recruited to endosomes as needed, since the Ere proteins accumulate on endosomes in ESCRT-mutant cells in which increased recycling of internalized PM proteins occurs ([Figure 2B](#F2){ref-type="fig"}; [@B52]).

![Ere1 localizes to endosomal compartments. (A) Representative fluorescence microscopy images showing wild-type cells coexpressing Ere1-GFP and the endosomal marker DsRed-FYVE. Ere1-GFP localized to intracellular puncta (corresponding to endosomes with arrow) in ∼10% of wild-type cells. (B) Ere1 is stabilized on endosomal compartments in ESCRT -mutant cells. Wild-type and *vps27*Δ mutant cells expressing Ere1-GFP were grown in YPD medium at 30°C. Vacuoles and E compartments (in *vps27*Δ cells) were labeled with FM4-64. (C) Subcellular fractionation of Ere1-FLAG in lysates from wild-type and *vps23*Δ mutant cells was analyzed by differential centrifugation and subsequent SDS--PAGE and immunoblotting. Pep12 was used as a marker for membrane fractions (P13 and P100), whereas glucose-6-phosphate dehydrogenase was used as a cytosolic marker (S100). (D) Quantification of Ere1-FLAG in P13 and S100 fractions from wild-type and *vps23*Δ cell lysates.](4093fig5){#F5}

Ere1 interacts with the cargo protein Can1 and colocalizes with Vps5
--------------------------------------------------------------------

Our initial results suggested that Ere1 provides a cargo-specific function in retromer-mediated recycling from endosomes. To test whether Ere1 physically interacts with cargo proteins, such as Can1, we performed cross-linking experiments using lysates from ESCRT-mutant cells exposed to conditions that induce Can1 internalization. Notably, increasing amounts of Ere1-myc were cross-linked and coimmunopurified with Can1-hemagglutinin (HA) upon longer incubations with cycloheximide, which induces Can1 internalization ([Figure 6A](#F6){ref-type="fig"}, 0- vs. 120-min time points). Next we examined whether Ere1 and the retromer subunit Vps5 colocalize on endosomes. Ere1-RFPmars colocalized with Vps5-GFP but not Snx41-GFP in ESCRT-mutant cells in which Ere1 is stabilized on membranes ([Figure 6B](#F6){ref-type="fig"}). We did observe puncta with Vps5-GFP that lacked Ere1-RFPmars. However, all of the Ere1-RFPmars structures overlapped with Vps5-GFP. Thus these results further supported our model that Ere1 provides cargo-specific functions in the retromer-sorting pathway at endosomes.

![Ere1 associates with an internalized plasma membrane protein, Can1, and colocalizes with Vps5. (A) ESCRT-mutant (*vps23*Δ) cells coexpressing an integrated Ere1-13xmyc fusion and Can1-3xHA (from its own promoter on a centromeric plasmid) were treated with cycloheximide for the indicated times and then cross-linked with DSP and DTBP. Can1-3xHA was immunoprecipitated with antibodies specific for HA from solubilized cell lysates. Immunoprecipitates were subsequently analyzed by Western blotting using antibodies against the myc or HA epitopes to detect Ere1 and Can1, respectively. (B) Ere1 and Vps5 colocalize on endosomal compartments. ESCRT-mutant (*vps23*Δ) cells coexpressing Ere1-RFPmars and Vps5-GFP (top) or coexpressing Ere1-RFPmars and Snx41-GFP (bottom) were examined by confocal microscopy.](4093fig6){#F6}

The WD40-repeat proteins Ere1 and Ere2 assemble into protein complexes on endosomes
-----------------------------------------------------------------------------------

Our initial genetic results indicated that Ere1 and Ere2 function together in the retromer pathway. We next performed biochemical and microscopy experiments to address whether these proteins interact. Analysis of cytosolic fractions from wild-type cells by fast-performance liquid chromatography size-exclusion chromatography suggested that Ere1 and Ere2 do not form a stable complex in the cytoplasm (unpublished data). However, analysis of solubilized membrane fractions from wild-type cells on glycerol velocity sizing gradients indicated that Ere1 and Ere2 are both present in two distinct protein complexes with sizes of ∼200 and 500 kDa, respectively ([Figure 7A](#F7){ref-type="fig"}). To further investigate whether Ere1 and Ere2 interact in vivo, we performed coimmunoprecipitation and microscopy experiments using cells expressing differentially tagged forms of Ere1 and Ere2. First, Ere2-3xHA was specifically coimmunoprecipitated with Ere1-FLAG ([Figure 7B](#F7){ref-type="fig"}). Second, Ere1-RFPmars and Ere2-GFP colocalized to endosomal compartments in ESCRT-mutant cells ([Figure 7C](#F7){ref-type="fig"}). Because these results indicated that Ere1 and Ere2 associate, we then tested a potential role for Ere2 in regulating Ere1--cargo interactions. For this, we monitored Ere1 cross-linking to internalized Can1 in ESCRT-mutant cells either expressing or lacking Ere2 ([Figure 7D](#F7){ref-type="fig"}). Surprisingly, Ere2 was not required for Ere1-13x*myc* to interact with the cargo Can1-3xHA; instead, Ere1 cargo binding was increased (approximately twofold) in cells lacking Ere2 ([Figure 7D](#F7){ref-type="fig"}). Thus Ere2 appears to regulate Ere1 function in cargo-specific recycling in the retromer-mediated sorting pathway.

![Ere1 and Ere2 physically interact and colocalize on endosomal compartments. (A) Glycerol velocity gradient sizing analysis of Ere1-FLAG and Ere2-FLAG in membrane fractions (P13 and P100) from wild-type cells. Major peak fractions for known molecular weight standards are indicated. The predicted molecular weight of monomeric Ere1 is ∼46 kDa and that of monomeric Ere2 is ∼114 kDa. (B) Ere2-3xHA specifically coimmunoprecipitates with Ere1-FLAG. Wild-type cells expressing an integrated Ere2-3xHA fusion or coexpressing integrated Ere1-FLAG and Ere2-3xHA fusions were grown to mid-log. Ere1-FLAG was immunoprecipitated from solubilized cell lysates, and the resulting immunopurified material was analyzed by Western blotting using antisera against the FLAG and HA epitopes to detect Ere1 and Ere2, respectively. (C) Ere1 and Ere2 colocalize on endosomal compartments. ESCRT-mutant (*vps23*Δ) cells coexpressing Ere1-RFPmars and Vps5-GFP were examined by confocal microscopy. (D) Interaction between Ere1 and Can1 is increased in cells lacking Ere2. Cross-linkers were added to *vps23*Δ mutant and *vps23*Δ *ere2*Δ double-mutant cells expressing Ere1-13xmyc alone or coexpressing both Ere1-13xmyc and Can1-3xHA following treatment with cycloheximide for 1.5 h. Can1-3xHA was immunoprecipitated from solubilized cell lysates and analyzed by Western blotting to detect Ere1 and Can1 in the input and immunoprecipitate fractions.](4093fig7){#F7}

Discussion
==========

The recycling of internalized PM proteins is essential for proper cell growth and development. We identified new components in the pathways that drive cell-surface protein recycling. We used the yeast arginine transporter Can1 as a model cell-surface protein and found that two pathways independently facilitate its recycling. One pathway requires the Snx4/41/42 complex, and the other pathway requires the retromer complex. Thus our study highlights the need for multiple pathways that mediate recycling from endosomes. Moreover, we found two novel proteins, Ere1 and Ere2, that function in the retromer-mediated recycling pathway and provide cargo specificity within this pathway. Thus, even while major pathways for recycling from endosomes (e.g., the Snx4/41/42 and retromer complexes) have been described, our findings suggest that additional proteins or complexes regulate cargo specificity for these pathways.

Multiple pathways guide the efficient recycling of PM proteins
--------------------------------------------------------------

Previous reports demonstrated that the Snx4/41/42 and retromer complexes mediate distinct recycling pathways from different classes of endosomes to the TGN ([@B5]). The Snx4/41/42 complex sorts proteins out of early endosomes, whereas the retromer functions on late endosomes ([@B18]). Our genetic results further support these previous studies, as cells impaired in both the Snx4/41/42 and retromer pathways displayed additive phenotypes in the canavanine resistance assay and increased rates of Can1 degradation ([Figure 3](#F3){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). In addition, our data suggest that both recycling pathways can recognize common cargo proteins (e.g., Can1). This redundancy in pathways may ensure the efficient recycling of certain internalized cell-surface proteins. Although our results suggest that Ere1 may facilitate Can1 recognition by the retromer, it remains unclear how the Snx4/41/42 complex recognizes Can1. Our findings indicate that Ere1 does not function in the Snx4/41/42 pathway, as 1) double deletion of *ERE1* and *SNX41* results in an additive canavanine-resistant phenotype, and 2) the recycling of the Snc1 SNARE occurs normally in cells lacking Ere1 (Supplemental Figure S1). Possibly, additional unknown factors related to Ere1 provide this function.

Ere1 and Ere2 function in cargo-specific recycling from endosomes
-----------------------------------------------------------------

In addition to known recycling factors, we identified two novel WD40 repeat--containing proteins, Ere1 and Ere2, in our screen. Multiple lines of evidence indicate that both Ere1 and Ere2 function in recycling from endosomes. First, we observed impaired recycling of Can1 in ESCRT-mutant cells lacking Ere1 or Ere2 ([Figure 2](#F2){ref-type="fig"}). Second, cells lacking Ere1 showed increased turnover rates of Can1 ([Figure 3](#F3){ref-type="fig"}). Third, an additional PM cargo protein, the methionine transporter Mup1, showed impaired recycling in ESCRT-mutant cells lacking Ere1 (Supplemental Figure S1). Finally, both Ere1 and Ere2 associate with membranes and are stabilized on endosomal compartments in ESCRT mutant cells ([Figure 5](#F5){ref-type="fig"} and Supplemental Figure S2). Both the accumulation of PM cargo proteins at abnormal endosomes and increased recycling of internalized PM proteins from endosomal compartments in ESCRT-mutant cells may result in the stabilization of Ere1 and Ere2 at endosomes in these mutant cells. Consistent with this idea, we found Ere1 in a complex with internalized Can1 in ESCRT-mutant cells ([Figure 6](#F6){ref-type="fig"}).

Our study further demonstrated that Ere1 provides cargo-specific functions in the retromer pathway. First, as mentioned, Ere1 physically interacted with Can1 under conditions that stimulate Can1 endocytosis ([Figure 6](#F6){ref-type="fig"}). Future studies are needed to address whether Ere1 directly binds Can1 or requires the retromer complex for binding. Of interest, although Ere1 was also necessary for the recycling of an additional PM protein, Mup1, it was not required for the recycling of another PM cargo protein, Ftr1 (Supplemental Figures S1 and S4). Consistent with a cargo-specific role, Ere1 also was not required for the transport of another retromer cargo, the sorting receptor Vps10, that traffics between the Golgi and endosomes ([Figure 4](#F4){ref-type="fig"}).

In addition to the Snx4/41/42 complex and retromer, clathrin and the adaptor complex AP-1 have been implicated in the sorting of proteins between the Golgi and endosomes ([@B5]). Previous work suggested that clathrin and the retromer might act sequentially to mediate endosome-to-TGN trafficking of the Shiga toxin receptor in mammalian cells ([@B24]). Future studies will be needed to investigate the potential role of clathrin and its adaptor proteins (such as AP-1) in Can1 recycling and in the function of the Ere1 and Ere2 proteins. However, we found that cells lacking AP-1 function did not display a canavanine-resistant phenotype (*apl2*Δ mutant cells; [Table 1](#T1){ref-type="table"}).

We found that two independent pathways mediate the recycling of the cell-surface protein Can1. One pathway requires the Snx4/41/42 complex, which is well conserved from yeast to human cells. Human homologues of Snx4/41/42 are known: SNX4, SNX7, and SNX30, respectively ([@B27]; [@B48]; [@B55]). Likewise, the Snx3 and retromer-mediated pathway also is well conserved, as human orthologues of Snx3 and the retromer complex have been identified. For example, previous work implicated human SNX3 and SNX1 (the human orthologue of yeast Vps5) in the proper trafficking of internalized cell-surface proteins ([@B61]; [@B59]). It is thus not surprising that the yeast Ere1 and Ere2 proteins are also conserved in mammalian cells ([Figure 2](#F2){ref-type="fig"}). However, functions for human WDR85 (the Ere1 orthologue) and WDR6 (the Ere2 orthologue) are largely unknown (see later discussion), and future work is needed to test whether these proteins are involved in cell-surface protein recycling.

A previous study suggested that the human Ere1 orthologue, WDR85, functions as an adaptor molecule for a protein modification complex (the Dph1--4 proteins) necessary for the conversion of a histidine residue on EF2 into diphthamide for ADP-ribosylation by diphtheria toxin ([@B10]). This study also indicated that Ere1 is required for ADP-ribosylation of EF2 in yeast lysates, suggesting that Ere1 might also be involved in diphthamide biosynthesis ([@B10]). However, we found that diphthamide biosynthesis is not necessary for proper recycling of Can1, as cells lacking the protein Dph2 were not resistant to canavanine (unpublished data). However, Ere1 may still be involved in other uncharacterized protein modifications that influence recycling from endosomes. In addition, *ERE1* was identified in a previous genetic screen for factors that modulate ribosomal DNA transcription (and named *RRT2* in this study; [@B20]). Likewise, *ERE2* was identified in a genetic screen for factors implicated in retrotransposon transposition (and named *RTT10* in this study; [@B34]). However, both of these genetic screens identified known factors involved in membrane trafficking pathways, suggesting roles for vesicle transport in regulating these processes. Thus, although Ere1 and Ere2 might have additional targets or roles, we propose that Ere1 and Ere2 function as regulators of recycling from endosomes. Our results showed that Ere1 localizes to endosomes, colocalizes with the retromer subunit Vps5, and interacts with the cargo protein Can1. In addition, *ERE1* was identified in a previous genome-wide screen for factors involved in endosomal and vacuolar sorting ([@B4]).

Mechanisms for Ere1-regulated recycling
---------------------------------------

Our study suggests that the WD40-repeat proteins Ere1 and Ere2 are regulators of the retromer complex. Several previous studies showed that additional coat complexes, such as COP-I, COP-II, clathrin ([@B26]), and the recently discovered BBsome complex ([@B22]), also consist of WD40-repeat or β-propeller domain--containing proteins. These β-propeller--containing proteins share similar functions in cargo selection and sorting. It is thus interesting that Ere1 cross-linked to the cargo protein Can1. Ere1 is a protein with four predicted WD40 repeats, whereas Ere2 is predicted to contain nine WD40 repeats. WD40 repeats usually assemble to form a β-propeller structure with seven or eight blades. Proteins with fewer than seven WD40 repeats, such as Ere1, may need to homo-oligomerize or assemble with other WD40-repeat proteins to form a complete β-propeller ([@B60]). Our study demonstrated that Ere1 and Ere2 exist in protein complexes on endosomal membranes by velocity sizing gradients and coimmunoprecipitation experiments ([Figure 7](#F7){ref-type="fig"}). We suggest that Ere1 and Ere2 are recruited to endosomal membranes, where they form a complex required for cargo-specific recycling in the retromer pathway. Future experiments are needed to determine the stoichiometry of Ere1 and Ere2 complexes, as well as to address whether additional factors associate with the Ere1/Ere2 complexes on endosomes.

We propose that the Ere1 and Ere2 proteins function in the retromer pathway for the selection of specific cargoes for sorting into recycling tubules at endosomes ([Figure 8](#F8){ref-type="fig"}). Recent studies indicated that separate recycling tubules enriched in distinct cargo proteins (the transferrin receptor and β2-adrenergic receptor) can be generated from a common endosomal compartment ([@B37]) and that the SNX27 protein is required for sorting β2-adrenergic receptors into retromer-mediated recycling tubules ([@B54]). However, it is not fully known how cargo proteins are initially selected and sorted into distinct tubules that emanate from endosomes. Cargo-specific factors, such as the Ere1 and Ere2 proteins, may act at an early step in cargo recognition and thereby direct selectivity that drives further sorting of cargoes into distinct recycling tubules ([Figure 8](#F8){ref-type="fig"}). Alternatively, Ere1 and Ere2 may act at a later step to stabilize cargo proteins in specific domains following initial selection and sorting by the retromer.

![Model for Ere1 and Ere2 cargo-specific function in retromer-mediated recycling from endosomes. After stimulation, Can1 is internalized from the plasma membrane (PM) and delivered to early endosomes (EE). On early endosomes, a pool of Can1 is selected and sorted by the Snx4/41/42 complex for recycling to the Golgi and subsequent delivery back to the cell surface. Additional cargoes, such as the SNARE protein Snc1, are recycled from early endosomes in a retromer- and Ere1/Ere2--independent process. The remaining fraction of Can1 that is not recycled by the Snx4/41/42 complex is transported to late endosomes (LE). At late endosomes, Can1 is subject to different fates. First, Can1 is recognized by the Ere1/Ere2 complex for sorting into the retromer-mediated recycling pathway (see *Discussion*). The Ere1/Ere2 complex is not required for the sorting of additional retromer cargoes, such as Ftr1 and Vps10, into recycling tubules generated at late endosomes. Internalized Can1 that is not recycled by the Snx4/41/42 or retromer pathways is sorted into the ESCRT-mediated MVB pathway and eventually delivered to the vacuole for degradation.](4093fig8){#F8}

Previous studies found that the retromer subunit Vps35 binds a conserved motif, (F/W)L(M/V), that is found in the cation-independent mannose 6-phosphate receptor and sortilin sorting receptor in mammalian cells ([@B32]). However, it is unclear how the retromer recognizes and sorts cargo proteins that lack this motif. In mammalian cells, internalized GPCRs that lack the (F/W)L(M/V) motif are believed to be recognized by the retromer subunit Vps26, which contains an arrestin-like domain ([@B47]; [@B32]). In yeast, both the arginine transporter Can1 and the iron transporter Ftr1 lack the (F/W)L(M/V) sorting motif but are recycled by the retromer. In the case of Ftr1, the retromer subunit Snx3 recognizes a sorting signal in the cytoplasmic tail of Ftr1, and thus Snx3 acts as an Ftr1 adaptor for the retromer. Our study showed that Ere1 is not required for Ftr1 sorting ([Figure 4](#F4){ref-type="fig"}), but Ere1 function was necessary for the recycling of additional cargoes (e.g., Can1 and Mup1) by Snx3 and the retromer, and thus Ere1 could modulate Snx3 function as a cargo adaptor. Future studies will likely uncover mechanisms for the cargo-specific functions of Ere1 and Ere2 in the retromer pathway. In addition, it will be interesting to examine whether the mammalian WDR85 and WDR6 proteins also are involved in PM protein recycling from endosomes.

MATERIALS AND METHODS
=====================

Yeast strains and plasmid construction
--------------------------------------

Strains used for the canavanine resistance screen were obtained from the single-gene-deletion libraries constructed by the International Deletion Consortium ([@B58]) constructed in BY4741 (*MATa ura3*Δ*0 leu2*Δ*0 his3*Δ*1 met15*Δ*0*; [@B6]). Lists of additional *Saccharomyces cerevisiae* strains and plasmids used in this study are shown in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}. Gene deletions and tagging in yeast were performed by homologous recombination ([@B29]). Standard techniques were used for yeast growth.

###### 

Strains used in this study.

  Strain         Genotype                                                          Reference
  -------------- ----------------------------------------------------------------- --------------------
  SEY6210        *MATα leu2-3112 ura3-52 his3Δ200 trp1-Δ901 lys2-801 suc2Δ9*       [@B37a]
  SEY6210.1      *MAT**a** leu2-3112 ura3-52 his3Δ200 trp1-Δ901 lys2-801 suc2Δ9*   [@B37a]
  YSY15          SEY6210 *snx3*Δ::*TRP1*                                           This study
  BHY152         SEY6210 *vps5*Δ::*HIS3*                                           [@B43]
  SRY149         SEY6210.1 *snx41Δ::TRP*                                           This study
  SRY34          SEY6210 *snx4*Δ::*TRP1*                                           This study
  YSY12          SEY6210 *ere1Δ::TRP1*                                             This study
  MBY22          SEY6210.1 *vps23Δ::HIS3*                                          [@B24a]
  YSY21          SEY6210 *vps23Δ::HIS3 ere1Δ::TRP1*                                This study
  YSY21          SEY6210 *vps23Δ::HIS3 snx41Δ::TRP1*                               This study
  YSY83          SEY6210 *vps23Δ::HIS3 snx3Δ::TRP1*                                This study
  EEY9           SEY6210 *snf7Δ::HIS3*                                             [@B52]
  YSY163         SEY6210 *snf7Δ::HIS3 ere1Δ::TRP1*                                 This study
  YSY105         SEY6210 *snf7Δ::HIS3 snx41Δ::TRP1*                                This study
  YSY138         SEY6210 *vps5Δ::HIS3 snx3Δ::TRP1*                                 This study
  YSY76          SEY6210 *snx41Δ::HIS3 snx3Δ::TRP1*                                This study
  YSY128         SEY6210 *ere1Δ::HIS3 snx3Δ::TRP1*                                 This study
  YSY19          SEY6210 *ere1Δ::HIS3 snx41Δ::TRP1*                                This study
  PBY34          SEY6210 *VPS10-GFP::TRP1*                                         [@B7a]
  PBY126         SEY6210 *VPS10-GFP::TRP1 vps5Δ::HIS3*                             [@B7a]
  YSY211         SEY6210.1 *VPS10-GFP::TRP1 ere1Δ::TRP1*                           This study
  YSY90          SEY6210 *ERE1-GFP::TRP1*                                          This study
  YSY74          SEY6210 *ERE1-GFP::TRP1 vps27Δ::HIS3*                             This study
  YSY120         SEY6210.1 *ERE1-Flag::HIS3MX*                                     This study
  YSY227         SEY6210 *ERE1-Flag::HIS3MX vps23Δ::TRP1*                          This study
  YSY273         SEY6210 *ERE1-13xmyc::TRP1 vps23Δ::HIS3*                          This study
  YSY293         SEY6210 *ERE1-RFPmars::TRP1 vps23Δ::HIS3 VPS5-GFP::TRP1*          This study
  YSY284         SEY6210 *ERE1-13xmyc::TRP1 vps23Δ::HIS3MX VPS5-HA::TRP1*          This study
  YSY101         SEY6210 *ERE2-Flag::HIS3MX*                                       This study
  YSY294         SEY6210 *ERE1-Flag::HIS3MX ere2Δ::TRP1*                           This study
  YSY156         SEY6210 *ERE1-Flag::HIS3MX ERE2-HA::TRP1*                         This study
  YSY285         SEY6210 *ERE1-RFPmars::TRP1 vps23Δ::HIS3 ERE2-GFP::TRP1*          This study
  YSY282         SEY6210 *ERE1-13xyc::TRP1 vps23Δ::HIS3 ere2Δ::TRP1*               This study
  YSY87          SEY6210 *vps23Δ::HIS3 ere2Δ::TRP1*                                This study
  YSY271         SEY6210 *snf7Δ::HIS3 ere2Δ::HIS3*                                 This study
  SRY442         SEY6210.1 *snx42Δ::TRP1*                                          This study
  YSY14          *vps26Δ::LEU2*                                                    This study
  PSY1-29        SEY6210 *vps29Δ::HIS3*                                            [@B43]
  MSY0435        SEY6210 *vps35Δ::HIS3*                                            [@B20a]
  *vps17Δ*       SEY6210 *vps17Δ::HIS3*                                            Emr lab collection
  YSY32          SEY6210.1 *ere2Δ::TRP1*                                           This study
  SRY213         SEY6210 *snx4Δ::HIS3 snx41Δ::HIS3 snx42Δ::HIS3*                   This study
  YSY99          SEY6210 *vps5Δ::HIS3 ere1Δ::TRP1*                                 This study
  YSY16          SEY6210 *snx3Δ::TRP1 ere2Δ::TRP1*                                 This study
  YSY45          SEY6210 *ere1Δ::HIS3 ere2Δ::TRP1*                                 This study
  BPY182         SEY6210 *snx3Δ::TRP1 snx41Δ::HIS3*                                Emr lab collection
  BPY152         SEY6210 *snx3Δ::TRP1 snx4Δ::HIS3*                                 Emr lab collection
  BPY133         SEY6210 *snx4Δ::HIS3 vps35Δ::HIS3*                                Emr lab collection
  YSY6           SEY6210 *snx41Δ::TRP1 ere2Δ::TRP1*                                This study
  YSYS19         SEY6210 *snx41Δ::TRP1 ere1Δ::HIS3*                                This study
  YSY91          SEY6210 *snx4Δ::TRP1 ere1Δ::HIS3MX*                               This study
  YSY163         SEY6210 *snf7Δ::HIS3 ere1Δ::TRP1*                                 This study
  YSY105         SEY6210 *snf7Δ::HIS3 snx41Δ::TRP1*                                This study
  YSY295         SEY6210 *GFP-SNC1::URA3*                                          This study
  YSY296         SEY6210 *snx41Δ::HIS3 GFP-SNC1::URA3*                             This study
  YSY297         SEY6210 *ere1Δ::TRP1 GFP-SNC1::URA3*                              This study
  YSY298         SEY6210 *ERE1-RFPmars::TRP1 vps23*Δ*::HIS3 SNX41GFP::TRP1*        This study
  *vps34*^tsf^   SEY6210 *vps34*Δ*::TRP1 pRS416.vps34*^tsf^                        [@B49]

###### 

Plasmids used in this study.

  Plasmid   Description         Source
  --------- ------------------- ------------
  pCHL571   pRS416-Can1-GFP     [@B27a]
  pCHL642   pRS416-Mup1-GFP     [@B27a]
  pCHL654   pRS416-Ftr1-GFP     [@B27a]
  pGO45     pRS416-GFP-CPS      [@B24a]
            pRS416-DsRed-FYVE   [@B24a]
            pRS416-Can1-3xHA    [@B27a]
  pCHL582   pRS416-Can1-Flag    [@B27a]
  pYS001    pRS415-Ere1-HA      This study

Genetic screen for canavanine-resistant mutants
-----------------------------------------------

We first determined the concentration of canavanine (5 μg/ml) that impaired the growth of wild-type cells (BY4741), using replication techniques for the screens. Following these control conditions, the collection of the ∼4700 viable yeast deletion mutants was replicated onto media plates containing no canavanine or plates containing 5 μg/ml canavanine. Plates were scored for relative growth of the deletion-mutant strains compared with wild-type cells after 2 and 4 d of incubation. The screens were performed three times, and we required that a deletion-mutant strain scored as resistant at least twice to be included in the final list of mutants identified in the screen. Using this approach, we identified 173 *cvr* mutant strains that displayed a canavanine-resistant phenotype ([Figure 1B](#F1){ref-type="fig"}; see Supplemental Table for the entire list).

Fluorescence microscopy
-----------------------

Living cells expressing fluorescent fusion proteins were grown in minimal media to an A~600~ of 0.4--0.6. Fluorescence microscopy was performed at room temperature in synthetic media. Images in [Figures 2](#F2){ref-type="fig"}, [4](#F4){ref-type="fig"}, and [5](#F5){ref-type="fig"} and Supplemental Figures S1 and S2 were captured by a microscopy system (DeltaVision RT; Applied Precision, Issaquah, WA) equipped with a microscope (IX7; Olympus, Center Valley, PA). Data were deconvolved using Softworx (DeltaVision RT). Images for [Figures 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"} were collected with a spinning disk confocal microscopy system (3I, Yokogawa, Tokyo, Japan), using a microscope (DMI3000B) equipped with a digital camera (QuantEM; Photometrics, Tucson, AZ). For [Figure 2C](#F2){ref-type="fig"} and Supplemental Figure S1A, fluorescence intensity (I~F~) was measured for 25 cells, according to a previous study ([@B52]). Briefly, I~F~ for five different regions on the PM and endosomes (E compartments) in each cell were measured. Quantification of I~F~ on the E compartment and at the PM allowed the calculation of a florescence ratio (F~R~; I~F~ at the E compartment divided by I~F~ at the PM) as a measure of Can1-GFP subcellular distribution. A high F~R~ represents predominant localization of Can1-GFP to endosomes and E compartments. For the FM4-64 labeling assays, yeast cells were labeled with FM4-64 for 10 min, washed twice, and incubated for 45 min before imaging ([@B57]).

Subcellular fractionation
-------------------------

Twenty A~600~ equivalents of yeast cells were spheroplasted and lysed in 4.3 ml of ice-cold lysis buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid \[HEPES\], pH 7.2, 50 mM potassium acetate, 1 mM EDTA, and 200 mM sorbitol) containing 0.1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 1 μM pepstatin A, and protease inhibitor cocktail (cOmplete EDTA-free; Roche, Indianapolis, IN). One-milliliter aliquots of lysates were precleared for 5 min at 500 × *g* and were then centrifuged at 13,000 × *g* for 10 min at 4°C to generate pellets (P13) and supernatant fractions (S13). The 1-ml S13 fraction was centrifuged at 100,000 × *g* for 1 h at 4°C in an ultracentrifuge to generate the P100 and S100 fractions. Proteins were trichloroacetic acid (TCA) precipitated and analyzed by SDS--PAGE and immunoblotting.

Cross-linking of Ere1-13xmyc to Can1-3xHA
-----------------------------------------

Forty A~600~ equivalents of yeast cells were spheroplasted, treated with 50 mg/ml cycloheximide, and incubated with 25 μM dithiobis(succinimidylpropinoate) (DSP) and dimethyl 3,3′-dithiobispropiomnimidate (DTBP) for 30 min. Complexes were immunoisolated, reduced to cleave cross-linkers, and analyzed by SDS--PAGE and immunoblotting.

Velocity sedimentation on 10--40% glycerol gradients
----------------------------------------------------

Membrane fractions of 100 A~600~ equivalents of the yeast cells were generated as described earlier and solubilized in lysis buffer (20 mM HEPES, pH 7.2, 50 mM potassium acetate, 1 mM EDTA, 200 mM sorbitol) containing 0.1 mM AEBSF, 1 μM pepstatin A, protease inhibitor cocktail, and 0.5% Triton. Linear glycerol gradients (10--40%) with 0.5% Triton were prepared, and the solubilized protein samples were loaded and sedimented for 4 h at 100,000 × *g*. One-milliliter fractions were collected from the top of the gradient and TCA precipitated. Calibration of the gradient was performed using aldolase, catalase, ferritin, and thyroglobulin.

Immunodetection
---------------

Antibodies used in this study include the following: α-Myc (9E10, Santa Cruz Biotechnology, Santa Cruz, CA), α-FLAG (M2, Sigma-Aldrich, St. Louis, MO), α-HA (12CA5, Roche), G6PDH (Sigma-Aldrich), and α-Pep12 (Invitrogen, Carlsbad, CA). For Can1-FLAG degradation analysis, cells expressing FLAG-tagged Can1 were grown to mid-log phase and treated with cycloheximide to induce Can1 endocytosis. At the indicated times, cells were collected, precipitated, resolubilized, resolved by SDS--PAGE, and analyzed by blotting with the indicated antibodies. The quantification of half-life times (t~1/2~) was determined by analyzing band intensities (using ImageJ \[National Institutes of Health, Bethesda, MD\]) on Western blots (developed by enhanced chemiluminescence). The t~1/2~ value of Can1-FLAG in each strain was determined from three independent experiments, using multiple exposures from each experiment to measure half-life times.
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:   G protein--coupled receptor
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